Whereas kainate (KA)-induced neurodegeneration has been intensively investigated, the contribution of ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs) in neuronal Ca 2+ overload ([Ca 2+ ] i ) is still controversial. Using Ca 2+ imaging and patch-clamp techniques, we found different types of Ca 2+ entry in cultured rat cortical neurons. The presence of Ca 2+ in the extracellular solution was required to generate the [Ca 2+ ] i responses to 30 M N-methyl-d-aspartate (NMDA) or KA. The dynamics of NMDA-induced [Ca 2+ ] i responses were fast, while KA-induced responses developed slower reaching high [Ca 2+ ] i . Ifenprodil, a specific inhibitor of the GluN2B subunit of NMDARs, reduced NMDA-induced [Ca 2+ ] i responses suggesting expression of GluN1/GluN2B receptors. Using IEM-1460, a selective blocker of Ca 2+ -permeable GluA2-subunit lacking AMPARs, we found three neuronal responses to KA: (i) IEM-1460 resistant neurons which are similar to pyramidal neurons expressing Ca 2+ -impermeable GluA2rich AMPARs; (ii) Neurons exhibiting nearly complete block of both KA-induced currents and [Ca 2+ ] i signals by IEM-1460 may represent interneurons expressing GluA2-lacking AMPARs and (iii) neurons with moderate sensitivity to IEM-1460. Ouabain at 1 nM prevented the neuronal Ca 2+ overload induced by KA. The data suggest, that cultured rat cortical neurons maintain functional phenotypes of the adult brain cortex, and demonstrate the key contribution of the Na/K-ATPase in neuroprotection against KA excitotoxicity.
Introduction
Excessive activation of ionotropic polyamine-sensitive glutamate receptors (GluR) in the vertebrate central nervous system (CNS) [1] induces neurodegeneration, developing via necrosis and apoptosis [2] [3] [4] , that contributes to the pathogenesis of many neurodegenerative diseases, stroke, motor disorders and spinal cord and brain injuries [5] [6] [7] [8] . Excitotoxicity [2, [7] [8] [9] that results from functional disruption of cellular metabolism is initiated due to non-quantal release of glutamate from neurons and glial cells and its subsequent accumulation in the extracellular space [10] [11] [12] . Ionotropic GluRs, especially NMDA (N-methyl-daspartate, NMDAR) type, whose channels have high conductance to Ca 2+ [13, 14] , are generally believed to predominate in triggering excitotoxicity. Application of glutamate or NMDA to primary neuronal cultures causes marked elevations of intracellular free Ca 2+ , because of Ca 2+ entry from the extracellular medium into neurons through the NMDAR channels [15, 16] . This [Ca 2+ ] i increase is followed by delayed calcium deregulation -a dramatic accumulation of free intracellular Ca 2+ that reaches micromolar concentrations as a result of mitochondrial dysfunction and Ca 2+ release from intracellular stores [9, 16, 17] . Delayed calcium deregulation is thought to trigger the irreversible mechanisms of neuronal death [9] .
Though the role of NMDARs in excitotoxicity can hardly be underestimated, there is yet another pathway leading to similar destructive results. NMDARs are strongly blocked by physiological extracellular magnesium, whereas AMPARs can be easily opened [14] . Therefore, other glutamate receptor channels can contribute considerably to the Ca 2+ -entry in response to glutamate. Endogenous glutamate activates ␣-amino-3-hydroxy-5-methyl-4isoxazolepropionic acid receptors (AMPARs), whose main function is the generation of fast excitatory synaptic currents (EPSCs) in response to quantal transmitter release from presynaptic terminals [1] . NMDARs generate slower EPSCs than AMPARs. Kainate (KA), a selective nondesensitizing agonist of ionotropic AMPARs [18, 19] is also able to trigger neurodegeneration [4, 20] , similar to NMDA and glutamate. In the case of AMPARs, the intracellular Ca 2+ signal is determined by expression or withdrawal of the GluA2 subunit of AMPARs which governs Ca 2+ permeability of their channels [1, 14, 21] . In the brain, different types of neurons express AMPARs of different subunit content. For example, using the selective open channel blocker IEM-1460, it has been demonstrated that pyramidal neurons isolated from rat hippocampal slices express GluA2-containing AMPARs, whereas interneurons express GluA2lacking AMPARs or both receptor compositions [22] . Considering this pattern of GluA2 expression one may predict that cultured cortical neurons (also comprised of interneurons and principal cells) should generate differential intracellular Ca 2+ responses upon activation of their AMPARs. Nevertheless, KA is capable of increasing the frequency of intracellular Ca 2+ oscillations and promoting Ca 2+ deregulation in various neuronal types [23, 24] .
Here we study the dynamics of intracellular Ca 2+ signals induced by NMDA or KA in primary cultures of rat cortical neurons. Using subunit selective inhibitors such as (i) ifenprodil, a specific blocker of GluN2B of NMDARs [25, 26] , and (ii) IEM-1460, a selective blocker of Ca 2+ -permeable GluA2-lacking AMPAR channels [22, 27] , we investigated the subunit compositions of GluRs that are responsible for the Ca 2+ entry under the conditions of prolonged NMDAR and AMPAR activation. Based upon the degree of IEM-1460 block of intracellular Ca 2+ responses and currents induced by KA, we distinguished three receptor expression phenotypes displayed by cortical neurons in primary cultures. They correspond to principal neurons expressing GluA2-containing AMPARs, interneurons expressing GluA2-lacking AMPARs and interneurons that express both compositions of AMPARs. Ouabain at 1 nM prevented the Ca 2+ overload caused by KA, revealing the contribution and the key role of Na/K-ATPase in regulation of intracellular Ca 2+ homeostasis.
Materials and methods

Animals
All procedures using animals were in accordance with recommendations of the Federation for Laboratory Animal Science Associations and approved by the local Institutional Animal Care and Use Committees. All possible efforts were made to minimize animal suffering and the number of animal used. Wistar rats (provided by the Sechenov Institute's Animal Facility) 16 days pregnant (10 animals in this study) were sacrificed by CO 2 inhalation.
Preparation and solutions
Cell cultures were prepared as described previously [4] . Fetuses (8) (9) (10) (11) (12) (13) were removed from each pregnant female, and their cerebral cortices were isolated, enzymatically dissociated, and used to prepare primary neuronal cultures. Cells were used for experiments after 10-14 days in culture [4, 28] . Neuronal cultures were perfused with indicated concentrations of drugs dissolved in the bathing solutions. The principal external bathing solution for patch clamp recordings and Ca 2+ -imaging analysis on primary cultures of neurons from rat brain cortex consisted of 140 mM NaCl, 2.8 mM KCl, 2.0 mM CaCl 2 , 1.0 mM MgCl 2 , and 10 mM HEPES. The content of the external solution slightly varied depending on the purpose of the experiments. In experiments with N-methyl-d-aspartate (NMDA), Mg 2+ was omitted from the bathing solution, because it blocks the channels of NMDARs [29, 30] . To trigger whole-cell currents and intracellular Ca 2+ -responses 30 M NMDA (30 M glycine was present as a co-agonist of NMDARs [31] ) or 30 M KA were added to the external bathing solution. The pH of each external solution was adjusted to 7.4 with NaOH. Patch-clamp and Ca 2+ -imaging experiments were performed at room temperature (20-23 • C).
Patch-clamp recording
Patch-clamp recordings were carried out on the stage of an inverted microscope Diaphot TMD (Nikon, Tokyo, Japan) with Hoffman modulation contrast optics. Patch pipettes (2-4 M ) were pulled from 1.5-mm (outer diameter) borosilicate standard wall capillaries with inner filament (Sutter Instrument Company, Novato, CA). Recordings were made using a MultiClamp 700B amplifier (Molecular Devices, Sunnyvale, CA). Whole-cell currents were recorded at membrane voltage of −70 mV during bath perfusion of 30 M NMDA + 30 M glycine or 30 M KA or their fast application using a multibarrel perfusion system. Recordings of integral cellular currents were done by using whole-cell configurations of the patch-clamp technique. Continuous recordings were low-pass filtered at 400 Hz and digitized at 20 kHz with Digi-Data1440A and pClamp 10 software (Molecular Devices). In these experiments, pipettes were filled with a solution containing 9 mM NaCl, 17.5 mM KCl, 121.5 mM K-gluconate, 1 mM MgSO 4 ,10 mM HEPES, 0.2 mM EGTA, 2 mM MgATP, and 0.5 mM NaGTP [28] .
Loading of Ca 2+ -indicators and Ca 2+ imaging
Cells were loaded with Fluo-3 AM (4 M), or Fura-2 AM (10 M) by using conventional protocols, recommended by the manufacturer. In brief, neuronal cultures were incubated with the AM esters, and 0.02% Pluronic F-127 was added to the external solution for 45 min in the dark at room temperature. Then, the AM esters were washed out, and cells were incubated in the external solution for another 30 min in the dark. For Fluo-3 experiments, coverslips with loaded cultures were placed in the perfusion chamber that was mounted on the stage of a Leica TCS SP5 MF inverted microscope (Leica Microsystems, Inc., Bannockburn, IL). Fluorescence was activated with 488-nm laser light and emission was measured within the wavelength range from 500 to 560 nm. Some areas of neuronal culture contained glia, forming a thin flat layer subjacent to neuronal bodies bulging out above. To exclude glia from images we set confocal optical section (for 63× objective the thickness of optical section was 0.4 m) to cross neuronal bodies only. Transmitted light images were also captured to verify the correct position of focal plane using morphological criteria. Images were captured every minute during 60-min experiments. For Fura-2 the perfusion chamber with neuronal cultures were mounted on the stage of a Nikon TMS inverted epifluorescence microscope (Nikon, Tokyo, Japan) equipped with a 300-W xenon lamp (Intracellular Imaging Inc., Cincinnati, OH) and 30× dry objective. Cells were visualized with a high-resolution digital black/white charge-coupled device camera Cohu 4910 (Cohu Electronics, Poway, CA), and [Ca 2+ ] i was estimated by the 340/380 ratio method, using a K d value of 315 nM for 23 • C. Imaging data were analyzed with InCytIm2 (Intracellular Imaging and Photometry System, Cincinnati, OH). All raw data were plotted using MS Excel. (Microsoft, Redmond, WA).
Drugs
All culture media were obtained from Biolot (Saint-Petersburg, RF). IEM-1460 was provided by Dr. V.E. Gmiro, the Institute of Experimental Medicine RAMS (Saint-Petersburg, RF). Fura-2 AM was from Fluka (Buchs, Switzerland), Fluo-3 AM and Pluronic F-127 were from Molecular Probes (Carlsbad, CA). Ifenprodil was from Tocris (Bristol, UK). Other compounds were from Sigma-Aldrich (St. Louis, MO). Stock solutions of 10 mM NMDA, 10 mM glycine, 10 mM KA and 10 mM IEM-1460 dissolved in distilled water were stored frozen and thawed on the day of use. Stock solutions of 10 mM Fura-2 AM and 10 mM Fluo-3 AM dissolved in dimethylsulfoxide were stored frozen. Stock solutions of 1 mM ifenprodil dissolved in dimethylsulfoxide were stored refrigerated. All drugs were diluted in the external solution to the indicated concentrations before use.
Results
Comparison of time courses of inward currents and intracellular Ca 2+ responses caused by glutamate receptor agonists
We, first, performed experiments in which whole-cell currents were recorded during long-lasting 30 M NMDA or 30 M KA applications. Both agonists cause the generation of inward currents by neurons that rapidly rise to the maximum and remain at steadystate level as long as the agonists are present ( Fig. 1A and B ). For both NMDA and KA the rise time of inward currents corresponds to the time required for agonists to reach their final concentration in the chamber. Dynamics of intracellular Ca 2+ signals were measured using Fura-2 ( 
Extracellular Ca 2+ is required to induce neuronal Ca 2+ responses by NMDA and KA
High Ca 2+ permeability of NMDAR channels is known to underlie Ca 2+ entry into neurons that determines the relatively synchronized generation of inward current and intracellular Ca 2+ response during NMDAR activation [14, 15, 32, 33] . Removal of extracellular Ca 2+ before development of delayed calcium deregulation eliminates intracellular Ca 2+ signals even in the presence of glutamate, KA or NMDA [9, 32, 33] . The difference in dynamics of [Ca 2+ ] i elevations observed in the presence of NMDA and KA raises the question whether during AMPAR activation the source of Ca 2+ accumulating in the cytosol is from the extracellular medium or from the intracellular stores. Delayed development of Ca 2+ signals upon KA application ( Fig. 1D ) suggests that the [Ca 2+ ] i increase originates from Ca 2+ exit out of intracellular Ca 2+ stores (mitochondria, endoplasmic reticulum or Golgi apparatus). To address this question we performed experiments with Fluo-3 and Fura-2 in which NMDA or KA were applied in Ca 2+ -free extracellular solutions and then after 30 min extracellular Ca 2+ was added. In Ca 2+ -free external solution, application of 30 M NMDA ( Fig. 2A) characterized by a fast development of delayed calcium deregulation ( Fig. 2A ) and KA-induced Ca 2+ responses are characterized by a rapid [Ca 2+ ] i increase ( Fig. 2B ). Averaged data from experiments with Fluo-3 in which 2 mM Ca 2+ was added to the external Ca 2+free solution in the presence of NMDA or KA and in the absence of agonists are illustrated in Fig. 2C . Application of Ca 2+ in the absence of both agonists induced a small transient [Ca 2+ ] i increase that declined to the steady state level. Application of Ca 2+ in the presence of either agonist caused [Ca 2+ ] i increases that differed significantly from those obtained in their absence. Obviously, NMDA induced much greater Ca 2+ overload, than KA (Fig. 2C) . These experiments demonstrate that, as for the NMDARs, Ca 2+ entry from the extracellular solution through transmembrane channels is required for the [Ca 2+ ] i increase when AMPARs are activated.
NMDARs of GluN1/GluN2B composition are mainly expressed in rat cortical neurons in primary cultures
To study the possible subunit composition of NMDARs expressed in rat cortical neurons of primary cultures we used ifenprodil, an allosteric inhibitor, that selectively binds to the extracellular domain of the GluN2B subunit and decreases the open probability of NMDARs containing GluN2B [1, 25, 26] . When applied during the Ca 2+ -responses induced by NMDA, 10 M ifenprodil considerably decreased [Ca 2+ ] i to about 10-30% of maximal values (Fig. 3A) . When 10 M ifenprodil was applied at the beginning of application simultaneously with NMDA, neurons generated weak Ca 2+ -responses that were enhanced dramatically during ifenprodil washout (Fig. 3B ). Experiments of both protocols clearly demonstrate that the majority of rat cortical neurons growing in culture express NMDARs comprised of GluN1/GluN2B receptors. This conclusion agrees well with a previous study examining mRNA levels in cortical neuronal cultures [34] .
Expression of different AMPARs accounts for dynamics diversity of Ca 2+ -responses to KA
Permeability of AMPAR channels to Ca 2+ and the effectiveness of their open-channel block by pharmacological agents are determined by the presence of the GluA2-subunit in their structure [1, 21, 22] . GluA2-lacking AMPARs have high Ca 2+ permeability and can be effectively blocked. For example, the ED 50 of the channel block of GluA2-lacking AMPARs with IEM-1460 is 1.6 M [22] , whereas this value for GluA2-containing AMPARs and NMDARs is over two orders of magnitude greater [22, 27] . Because extracellular Ca 2+ is required to generate the intracellular Ca 2+ -responses to KA (Fig. 2B) , we used IEM-1460, a selective open-channel blocker of GluA2-lacking AMPARs, to study how Ca 2+ -permeable AMPARs determine the dynamics of the KA-induced [Ca 2+ ] i increase. In these experiments 30 M KA and 3 M IEM-1460 were applied simultaneously to primary neuronal cultures loaded with Fluo-3. After 30 min, IEM-1460 was washed out (Fig. 4A) . Images were Fig. 4B . Based upon the type of intracellular Ca 2+ -responses, these experiments revealed three approximately equal groups of cortical neurons (Fig. 4A ). One group of neurons responded to combined application of IEM-1460 and KA with an increase in [Ca 2+ ] i accompanied by Ca 2+ oscillations and IEM-1460 washout was followed by a further rapid rise in [Ca 2+ ] i ( Fig. 4A and B , red lines and circles). Another group of neurons also responded with an increase in [Ca 2+ ] i accompanied by Ca 2+ oscillations, but washout of IEM-1460 had no influence on the intracellular [Ca 2+ ] i signal ( Fig. 4A and B , blue lines and circles). The last group of neurons did not exhibit any increase in [Ca 2+ ] i upon combined application of IEM-1460 and KA, but washout of IEM-1460 in the continued presence of KA caused a substantial elevation in [Ca 2+ ] i ( Fig. 4A and B , green lines and circles). These data could be interpreted to suggest that the neurons express AMPARs of different subunit compositions. For instance, if neurons express the GluA2-containing AMPARs, IEM-1460 should not block their channels and as a consequence should not affect the intracellular Ca 2+ -responses. In contrast IEM-1460 should block both the channel conductance and the intracellular Ca 2+ responses of neurons expressing GluA2-lacking AMPARs.
To further verify this suggestion we studied the inhibition by 3 M or 10 M IEM-1460 of whole-cell inward currents induced in neurons by 30 M KA. The degree of block by IEM-1460 of KA induced currents differed dramatically between neurons (Fig. 5 ). In some neurons, 10 M IEM-1460 had little or no effect on currents ( Fig. 5A and B) . Other neurons exhibited a strong degree of current block by 10 M (Fig. 5C ) or 3 M (Fig. 5D ) IEM-1460, revealing that these particular neurons express the GluA2-lacking AMPARs.
Thus, the agreement between the IEM-1460 data from patchclamp electrophysiological and Ca 2+ -imaging experiments allows us to conclude that the variability in the time course of the increase of [Ca 2+ ] i induced by KA is probably determined by different mechanisms of Ca 2+ entry and reflects the heterogeneity of the neuronal population in primary cultures from rat brain cortex with respect to expression of Ca 2+ -permeable and -impermeable AMPARs.
Neuroprotective effect of subnanomolar ouabain
Experiments described above strikingly demonstrated that open-channel blockers are not effective tools to prevent KAinduced neurodegeneration, since they only block the channels of AMPARs in one third or even less cortical neurons. It has been demonstrated recently that subnanomolar concentrations of ouabain, a specific ligand of the Na/K-ATPase cardiac glycoside binding site, prevent the development of NMDA-induced Ca 2+ overload and protect cortical neurons against excitotoxicity [4] . To search for a pharmacological tool to minimize KA-induced neurodegeneration, we studied the effects of 1 nM ouabain on neuronal Ca 2+ overload caused by this glutamate agonist which is the most toxic for different types of neurons [18] [19] [20] .
When 30 M KA and 1 nM ouabain were applied to neurons simultaneously, the initial small increase of [Ca 2+ ] i was not followed by delayed intracellular Ca 2+ accumulation (Fig. 6A) . Average data obtained with KA in the absence and presence of ouabain are compared in Fig. 6B . The results shown in Fig. 6B demonstrate that a subnanomalar concentration of ouabain, which does not affect enzymatic activity of the Na/K-ATPase [4] , does prevent KA-induced neuronal Ca 2+ overload. Moreover, the Ca 2+ overload was prevented in the vast majority of neurons (Fig. 6A) suggesting that 1 nM ouabain protects neurons against KA-induced excitotoxicity independently from the mechanism of Ca 2+ entry in neurons. Therefore, subnanomolar concentrations of ouabain may be a great means of antagonizing KA-induced neurodegeneration.
Discussion
Open-channel block is a functionally important mechanism that regulates activity of many channels. Polyamine sensitive receptors and channels are widely represented in CNS playing a key role in neuronal and glial cell behavior and survival. Among them are highly (Kir2.1 [35] ) and weakly (Kir4.1 [36] ) sensitive potassium channels and glutamate receptors [37, 38] . Endogenous polyamines are polycations that do not demonstrate selectivity between such receptors and channels [37] , however recent advances in creating novel blockers of AMPA receptor channels allow us to use IEM1460, an adamantane based polycation which preferentially blocks GluA2-lacking AMPARs [21, 22, 27] . We found that agonist induced calcium accumulation in cortical neurons depends strongly on functional expression of glutamate receptor subunits and the results initiate the following discussion.
Possible importance of KA receptors for inward currents and neuronal Ca 2+ -responses evoked by 30 M KA
Normal synaptic functions of glutamate and neurodegeneration as a consequence of glutamate excitotoxicity are both mediated by activation of the same ionotropic GluRs. At central excitatory synapses, NMDARs colocalize with AMPARs to form the functional synaptic unit, such that presynaptically released glutamate typically activates both NMDARs and AMPARs [1] . In many brain structures, KA receptors [39] also play a role in presynaptic modulation of transmitter release and generation of EPSCs [40] . In cortex, KA receptors are expressed mainly in late embryonic and early postnatal states [41] and like AMPAR and NMDAR subunit expression are under developmental and regional control during the early postnatal life. To induce intracellular Ca 2+ -responses in our experiments, we used KA which is not entirely selective for only KA receptors and activates AMPARs to produce large sustained currents [18, 19] . In contrast to AMPARs, which are not desensitized by KA [18, 19] , KA receptors have high affinity to KA (about 1 M) and have a rather fast rate of desensitization [42] [43] [44] . Under these particular conditions, even if KA receptors are still expressed in cultured neurons of 10-14 DIV, it seems unlikely that they may contribute to inward currents (Figs. 1B and 5) and neuronal Ca 2+ -responses ( Figs. 1D and 4 ) caused by 30 M KA application.
Requirement of Ca 2+ presence in the extracellular media
The importance of NMDARs and AMPARs for excitotoxicity is obvious. The prolonged action of NMDA and KA, synthetic selective agonists of particular receptor types [1] which can not be utilized by neurons or glial cells, lead to neuronal death via necrosis or apoptosis [2] [3] [4] [5] . According to the ratio of necrotic and apoptotic neurons, KA-induced neurotoxicity is more pronounced than NMDA-induced neurotoxicity [4] . During prolonged NMDA or KA exposure, neurons generate an intracellular Ca 2+ signal with subsequent delayed calcium deregulation [9] that reflects the Ca 2+ released from intracellular Ca 2+ stores. The dynamics of [Ca 2+ ] i increases elicited by NMDA and KA differ notably (Fig. 1C and D) . While the [Ca 2+ ] i increase evoked by NMDA has a time course similar to the NMDA-induced inward current and rapidly reaches steady-state in the vast majority of neurons ( Fig. 1A and C) , the time course of the [Ca 2+ ] i increase evoked by KA differs between neurons and its development is delayed up to 20-30 min in many cells (Fig. 1C and D) if compared with corresponding KA-induced inward current ( Fig. 1B and D) . This delayed rise of [Ca 2+ ] i suggests that in the case of KA we observed delayed calcium deregulation, and the main source of free cytosolic Ca 2+ is due to release from mitochondria and other intracellular Ca 2+ stores.
To address this point we performed experiments, in which NMDA and KA were applied in Ca 2+ -free external physiological solution. After 30 min of agonist exposure Ca 2+ was added to the extracellular media. For both agonists, there was no increase in [Ca 2+ ] i in the absence of Ca 2+ in the extracellular media and the addition of Ca 2+ triggered Ca 2+ responses for KA as well as for NMDA (Fig. 2) . This observation suggests that for both agonists the source of Ca 2+ accumulating in the cytoplasm is from the extracellular media. Whereas the pathway of Ca 2+ entry in the case of NMDARs is clear, because NMDARs are highly Ca 2+ permeable [13] [14] [15] , the variability of the dynamics of [Ca 2+ ] i increases in the case of AMPARs suggests the existence of more complex and unclear processes of Ca 2+ transfer through the plasma membrane.
NMDARs subunit compositions in cultured rat cortical neurons
NMDARs are thought to be heterotetramers comprised of two GluN1 subunits and two GluN2 (represented by GluN2A, 2B, 2C and 2D) or GluN3 subunits [1, 45] . NMDAR subunit expression is under developmental and regional control. NMDARs differ in their kinetics of activation, conductance, open channel block by Mg 2+ and Ca 2+ -permeability [1] . In this respect GluN1/GluN2A and GluN1/GluN2B receptors have similar characteristics. To study the possible NMDAR subunit composition in cultured rat cortical neurons which are involved in the generation of inward currents and intracellular Ca 2+ signals, we used the subunit-selective NMDA receptor antagonist, ifenprodil [25, 26] . This compound is a noncompetitive, voltage-independent partial antagonist (maximal inhibition ∼90%) of GluN2B-containing NMDARs. Ifenprodil inhibits GluN2B-containing receptors with high affinity (IC 50 of ∼150 nM) and is 200 to 400-fold more potent for GluN1/GluN2B receptors than for others [25, 26] . In our experiments ifenprodil, when applied after NMDA (Fig. 3A) or with NMDA ( Fig. 3B ), partially inhibits intracellular Ca 2+ -responses to 10-30% of maximal values. Even using saturating concentrations of ifenprodil, the remaining Ca 2+ response after reaching the steady state is substantially above 10% of the maximal [Ca 2+ ] i . This suggests that activation of GluN1/GluN2B receptor channels mainly determines the Ca 2+ transfer through the plasma membrane in these neurons. However, due to incomplete inhibition one may not exclude some contribution of other NMDARs. Taking into account that the existence of GluN2C and GluN2D has never been reported in primary rat cortical cultures, most probably these are the GluN1/GluN2A receptors. This conclusion is consistent with previous observations that cultured rat cortical neurons express mRNA encoding the GluN1, GluN2A and GluN2B subunits of NMDARs [34] .
AMPARs are expressed in cortical neurons in vitro
In general excitatory synaptic transmission in the CNS of vertebrates is mediated by heteromeric AMPARs assembled from differing combinations of the four subunits, GluA1 to GluA4. The presence or absence of GluA2 is a critical determinant of AMPAR function and dictates Ca 2+ -permeability and the ability of their channels to be blocked by endogenous modulators and organic channel blockers [1] . An absence of GluA2 renders the channel pore permeable to Ca 2+ [21, 38] and sensitive to extra-and intracellular polyamine block, endowing AMPARs with an inwardly rectifying current-voltage relationship [38, 46, 47] and a novel postsynaptic mechanism of short-term plasticity involving the use-dependent unblock of polyamines [48, 49] .
An additional pathway for the Ca 2+ entry in neurons other than NMDARs, therefore, can be provided by the Ca 2+ -permeable AMPARs. Inherent coupling between the Ca 2+ permeability and the effectiveness of AMPAR channel block by organic compounds [22, 50] allows us to distinguish pharmacologically GluA2-lacking AMPARs using subunit specific open channel blockers. Originally, it was shown that the polyamine toxins, purified from spider venoms, argiotoxin 636 or argiopine [51] [52] [53] [54] , block the channels of GluA2lacking AMPARs, while the channel block of GluA2-containing AMPARs is weak [50] . The same principle applies for IEM-1460 [22] . With an ED 50 value of 1.6 M, this compound blocks the channels of Ca 2+ -permeable GluA2-lacking AMPARs [22] . To block channels of NMDARs and Ca 2+ -impermeable GluA2-containing AMPARs at least 10 to 100-fold larger concentrations of IEM-1460 are needed [27, 55] .
In our experiments using KA and IEM-1460, we observed three types of Ca 2+ -signal behavior which probably reflect the existence of several groups of neurons expressing different native AMPARs (Fig. 4) . The variability found between neurons in the degree of block by IEM-1460 of whole-cell currents induced by KA (Fig. 5 ) is also consistent with this idea. Possible interpretations of the data are illustrated in Fig. 7 . The first type of Ca 2+ -response (green traces in Fig. 4A ) could correspond to neurons which express Ca 2+permeable GluA2-lacking AMPARs. These channels are blocked in the presence of 3 M IEM-1460 and 30 M KA preventing either Ca 2+ entry into the neurons and depolarization of neurons ( Fig. 7A and B, upper part of schematic). Washout of IEM-1460 causes channel unblock resulting in an elevation of [Ca 2+ ] i .
A second type Ca 2+ -signal behavior (blue traces in Fig. 4A ) can be observed when neurons express the Ca 2+ -impermeable GluA2containing AMPARs (Fig. 7A and B middle part of schematic). In this situation, IEM-1460 would not be able to block the receptor channels and depolarization induced by KA would cause an activation of voltage-dependent Ca 2+ -channels. As a result oscillations of the intracellular Ca 2+ -signal are observed in the presence of IEM-1460, whereas its removal does not induce any additional changes in the Ca 2+ -signal.
The third Ca 2+ -response represents a hybrid of the two previously described responses (Fig. 4A, red traces) . If neurons express both GluA2-lacking and GluR2-containing AMPARs, then both the Ca 2+ -oscillations in the presence of IEM-1460 and the [Ca 2+ ] i rise upon washout of IEM-1460 could be observed (Fig. 7 , lower part of schematic). This explanation would be slightly modified if there is some residual contribution from the rapidly desensitizing KA receptors. In this case KARs, whose channels are permeable to Ca 2+ and can be blocked by argiotoxin 636 [56] , could be theoretically involved in responses indicated by green and red traces in Fig. 4A . However, because KARs are rapidly desensitized [42] [43] [44] , if they participated in these responses we would expect to observe a decrease in current in Figs. 1B and 5 in response of KA application. This is not the case and therefore KARs most likely do not participate in [Ca 2+ ] i signals during long lasting KA application (Figs. 1B, D and 5A-D). In addition, since the key subunit GluA2, which governs Ca 2+ channel permeability and the channel block, belongs to the AMPAR type [1] , we have omitted KARs from our scheme.
Principle neurons in forebrain are known to express AMPARs of different subunit composition. Expression of all subunits is developmentally regulated, region and cell-type specific, and activity-dependent [57] . For example, it has been demonstrated using IEM-1460 that pyramidal neurons of hippocampus express GluA2-containing AMPARs but interneurons usually have AMPARs without GluA2 [22] . In addition sensorimotor polysynaptic EPSPs are blocked by argiopine, while sensorimotor monosynaptic EPSPs are resistant to this neurotoxin in frog motoneurons [58] . This suggests that different AMPARs are involved in mono-and polysynaptic excitatory inputs. This makes it possible to correlate the dynamics of the Ca 2+ responses to KA and the effects of subunitspecific channel blockers to morpho-functional types of neurons. If this is the case, then neurons which are resistant to the IEM-1460 action can be classified as principal cells, while neurons which reveal block of currents and KA evoked Ca 2+ signals by IEM-1460 may represent different types of interneurons. We can conclude, therefore, that neurons in primary cultures are not uniform and probably maintain their morphological and functional phenotypes of the adult brain cortex.
The functional diversity of neurons existing in the CNS and cortical neurons in culture makes open-channel blockers of AMPARs ineffective as neuroprotective agents against KA excitotoxicity. Here we demonstrate that 1 nM ouabain prevents the Ca 2+ overload induced by KA ( Fig. 6 ) independently from the mechanism of Ca 2+ entry in neurons [4] . This makes ouabain at subnanomolar concentrations an effective tool to prevent KA-induced neurodegeneration [4] . The neuroprotective concentration of ouabain used in this study corresponds well to the endogenous ouabain levels which vary from 0.1 nM to 0.74 nM in rat blood plasma and cerebrospinal fluid [59] . Similar neuroprotective effects of low ouabain concentrations have been demonstrated in another neurodegeneration model when KA and ouabain were injected into the brain in vivo [60] . Currently, ouabain (strophanthin-G) and other cardiac glycosides are used at low doses (which do not suppress the Na/K-ATPase) to prevent development of kidney failure [61] , heart ischemia [62] , or neuronal apoptosis [4, 60] . These observations provide evidence for the (patho)physiological relevance of endogenous ouabain [59] which probably works via multiple pathways involving many different receptors localized in the membrane, cytoplasm and nuclei linked to Ca 2+ -dependent second messenger systems [4, [59] [60] [61] [62] [63] [64] . Thus, the data presented here demonstrate a functional role of the Na / K-ATPase in intracellular Ca 2+ homeostasis that might be governed by binding of endogenous ouabain or its analogs to a highly conserved cardiotonic/ouabain receptor site.
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